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A light, compact optical isolator using an atomic vapor in the hyperfine Paschen-Back regime is presented.
Absolute transmission spectra for experiment and theory through an isotopically pure 87Rb vapor cell show
excellent agreement for fields of 0.6 T. We show pi/4 rotation for a linearly polarized beam in the vicinity of the
D2 line and achieve an isolation of 30 dB with a transmission > 95 %. c© 2012 Optical Society of America
OCIS codes: 230.2240, 230.3240.
Optical isolators are fundamental components of many
laser systems as they prevent unwanted feedback. Such
devices consist of a magneto-optic active medium placed
in a magnetic field such that the Faraday effect can be
exploited to restrict the transmission of light to one di-
rection. For an applied axial field B along a medium of
length L, the Faraday effect induces a rotation θ for an
initially linearly polarized light beam, where θ = V BL,
and V is the Verdet constant. An optical isolator is real-
ized when such a medium is positioned between two po-
larizers set at pi/4 to each other, with an induced rotation
of θ = pi/4; this arrangement provides high transmission
in one direction and isolation in the other.
The technologies of atomic Micro-Electro-Mechanical
Systems (MEMS) will eventually be required to create
lighter and more compact components [1] for use in free-
space laser communications, ocean measurements and
telecommunications. Currently there is much interest in
small, reliable low power laser systems (VCSEL) [2],
fabrication of chip-sized alkali-vapor cells [3] and gas
atoms in hollow core fibers [4, 5] for atomic frequency
references [6] and magnetometers [7]. Other applica-
tions include gyroscopes [8], laser frequency stabiliza-
tion [9] and atomic sensors [10] for cold-atom devices,
accelerometers and gravimeters. Here we show that using
similar technologies one can envisage a light, compact,
high-performance permanent-magnet isolator.
Isolators require large Verdet constants whilst main-
taining a small absorption coefficient α, hence the fig-
ure of merit (FOM) for an isolator is the ratio V/α.
Commercial isolators often use terbium gallium garnet
(TGG), with yttrium iron garnet (YIG) also used in the
IR region. Table 1 shows the Verdet constants and FOM
for TGG, YIG and Rb vapor at 780 nm. Note that al-
though the Verdet constant of YIG is much larger than
TGG, the latter is used at 780 nm as the performance of
the former is strongly compromised by the poor trans-
parency of YIG below 1100 nm [11]. Note also that the
Verdet constant and absorption coefficient of the atomic
Table 1. Verdet constants and FOMs for the three
magneto-optic materials: TGG, YIG and Rb vapor (this
work), at a wavelength of 780 nm.
Material V (rad T−1 m−1) FOM (rad T−1)
TGG [14] 82 1 × 103
YIG [11] 3.8 × 102 2.5
Rb vapor 1.4 × 103 1 × 102
vapor are strongly frequency dependent, unlike the crys-
tal media. The FOM for Rb vapour is less than TGG,
the much higher Verdet constant however allows a more
compact design, as the same rotation is achieved over a
much shorter optical path. The frequency dependence of
the dichroic and birefringent properties of atomic vapors
have also been exploited to realize narrowband atomic
filters; see e.g. [12] and dichroic beam splitter [13].
The absolute susceptibility of an atomic vapor can
be accurately modeled allowing one to predict both the
absorption [15, 16] and rotation [17, 18]. Further-
more the model can be extended to include binary-
collisions [19], and an axial magnetic field [20]. In this
Letter we use the model for absolute susceptibility for
the Rb D2 line to predict the performance of an optical
isolator based on a compact magnet producing a field
of the order of 0.6 T. At such fields the vapor becomes
transparent to light resonant with the D2 line due to
large Zeeman shifts. We measure rotation and transmis-
sion and confirm the theoretical predictions and thereby
demonstrate the feasibility of using resonant atomic me-
dia for optical isolation. Although here we focus on the
Rb D2 line, using the same principle, resonant atomic
isolators can be implemented for other atomic vapors.
Figure 1 shows a schematic of the experimental appa-
ratus along with details of the neodymium magnet. An
external cavity diode laser was used to scan across the
Rb D2 transition (5
2S1/2 → 5
2P3/2) at a wavelength of
780 nm. After passing through a polarization beam split-
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Fig. 1. Schematic of the experimental apparatus and
measured magnetic field profile through the center of the
neodymium magnet. The dimensions and mass of a typ-
ical magnet used in this investigation are also shown. A
beam passes through a polarization beam splitter (PBS)
providing linearly polarized light along the horizontal
axis. The beam then passes through a heated micro-
fabricated cell held in a magnet (M) which provides an
axial field. A second PBS is set to pi/4 to allow high
transmission, T+, along +z and low transmission, T−,
along −z.
ter (PBS) the output beam was linearly polarized along
the horizontal direction with a 1/e2 radius of 80 µm. The
method adopted for calibrating the frequency axis is de-
scribed in [20]. A weak probe beam [15,21] traverses
a 1 mm heated cell containing isotopically pure 87Rb
and buffer gas with a pressure of several Torr [22]. An
aluminium holder with the same design as in [20] was
used to hold a neodymium magnet, where the cell was
held in an oven allowing the laser beam to pass through.
The field profile of the neodymium magnet was meas-
ured with a Hall probe and is shown in figure 1. Over
the length of the cell the field was uniform at the 2 %
level. After traversing the cell and magnet, a second PBS
was set to pi/4 allowing high transmission along +z for
an induced rotation of pi/4. With this arrangement one
would also expect isolation along −z.
Figure 2 shows the absolute transmission spectra for
the Rb D2 line through (a) a natural-abundant (72%
85Rb, 28% 87Rb) cell in the absence of an applied mag-
netic field and (b) a 87Rb cell in the presence of an ap-
plied magnetic field of 0.576 T. For this field (the hyper-
fine Paschen-Back regime [23]) the Zeeman shift is large
compared with the hyperfine splitting of the ground and
excited terms, and mJ is the good quantum number. In
(b) we observe the 16 absorption peaks corresponding
to the ∆mJ = ±1 transitions. Magnetic fields of such
magnitude force a large splitting in the transition fre-
quencies, giving a region of high transmission and large
dispersion where we would normally expect absorption
on the Rb D2 line: this is the basis for our isolator.
Figure 3 shows absolute transmission spectra for the
Rb D2 line. Plot (a) shows the theoretical (solid black)
transmission through a natural-abundant cell in the ab-
Fig. 2. Transmission spectra of atomic vapour (a) with-
out and (b) with an applied field illustrating the open-
ing of a transparency window over resonance. Plot (a)
shows the theoretical (solid blue) transmission spectra
at a temperature of 60.4 ◦C through a natural-abundant
cell, highlighting the four absorption peaks of interest for
isolation. Plot (b) shows the measured (solid green) line
transmission spectra at a magnetic field of 0.576 T and
a temperature of (60.4 ± 0.2) ◦C through a 87Rb cell.
Plot (c) shows the energy level splittings for the ground
(52S1/2) and excited terms (5
2P3/2) of
87Rb on the D2
line. In the hyperfine Paschen-Back regime mJ is now
a good quantum number, the transitions with ∆mJ =
±1 correspond to the 16 absorption peaks we measure
in plot (b).
sence of field and at a temperature of 60.4 ◦C. Plots (b),
(c) and (d) show comparison between experiment (solid
colored) and theory (dashed black) for the rotation of
light describing the high transmission along +z (blue),
low transmission along −z (green) and extinction values
of the isolator (red), respectively. All three spectra are
obtained for an isotopically pure 87Rb cell with a fixed
field of 0.597 T and a temperature value of (135.2 ±
0.4) ◦C, which corresponds to a region where we expect
pi/4 rotation. These spectra demonstrate the narrow-
band nature of isolators based on atomic vapors as there
is only a constant dB over a range of 4 GHz. The in-
creased structure in the T+ signal which is present in
the theoretical and measured signals is the result of ad-
ditional weak absorption features owing to the fact that
the ground terms are not completely decoupled; a de-
2
Fig. 3. Forward T+ and backward T− transmission il-
lustrating the isolator effect as a function of detuning
around resonance. Plot (a) shows the theoretical (solid
black) transmission through a natural-abundant cell in
the absence of field and at a fixed temperature of 60.4 ◦C.
The four absorption peaks highlight the required detun-
ing values for isolation. Plots (b), (c) and (d) show com-
parison between experiment (solid colored) and theory
(dashed black) through an isotopically pure 87Rb cell in
the presence of a fixed field of 0.597 T and a temperature
value of (135.2 ± 0.4) ◦C, which corresponds to a region
where we expect pi/4 rotation.
tailed study of these features will be the topic of a future
publication [22].
Important characteristics for isolators are their: ability
to extinguish backscattered light, power threshold and
temperature stability. In figure 3 we define the isolation
of the device asE = −10 log(T+/T−) dB, where T+ is the
transmitted light along +z and T− is the transmission
along −z. Previous examples of crystal isolators have
measured extinctions of 47 dB for a single device [24]
and 60 dB for a back-to-back device [25]. To the best
of our knowledge this is the first resonant atomic vapor
isolator and we achieve a 30 dB suppression, limited by
the extinction of our polarizers. The excellent agreement
between theory and our model is typically achieved in
the weak-probe regime. However, when the power of the
probe beam was increased by 6 orders of magnitude the
extinction in figure 3 changed by less than 8 dB. Owing
to the strong temperature dependence of the birefringent
properties of the medium a device utilizing this effect
would require the vapor cell to be temperature stabilized
within ± 0.2 ◦C.
In summary, we have demonstrated the principle of
an optical isolator for the Rb D2 line by exploiting the
magneto-optical properties of an isotopically pure 87Rb
vapor in the hyperfine Paschen-Back regime. We show
pi/4 rotation for a linearly polarized light in the vicinity
of the D2 line and achieve an isolation of 30 dB. This
work is supported by EPSRC.We thank James Keaveney
for the design of the cell heater.
References
1. H. Dong, J. Fang, B. Zhou, J. Qin, and S. Wan, Mi-
crosyst. Technol. 16, 1683 (2010).
2. J. Tatum, Proc. SPIE. 6484, 648403 (2007).
3. L. A. Liew, S. Knappe, J. Moreland, H. Robinson,
L. Hollberg, and J. Kitching, Appl. Phys. Lett. 84, 2694
(2004).
4. F. Benabid, F. Couny, J. C. Knight, T. A. Birks, and
P. S. J. Russell, Nature 434, 488 (2005).
5. S. Ghosh, J. E. Sharping, D. G. Ouzounov, and A. L.
Gaeta, Phys. Rev. Lett. 94, 93902 (2005).
6. S. Knappe, V. Shah, A. Brannon, V. Gerginov, H. G.
Robinson, Z. Popovic´, L. Hollberg, and J. Kitching,
Proc. SPIE. 6673, 667307 (2007).
7. V. Shah, S. Knappe, P. D. D. Schwindt, and J. Kitching,
Nat. Photon. 1, 649 (2007).
8. E. A. Donley, in Sensors, IEEE (2010), p. 17.
9. S. A. Knappe, H. G. Robinson, and L. Hollberg, Opt.
Express. 15, 6293 (2007).
10. C. Lee, G. Z. Iwata, E. Corsini, J. M. Higbie, S. Knappe,
M. P. Ledbetter, and D. Budker, Rev. Sci. Instrum. 82,
043107 (2011).
11. J. G. Bai, G. Q. Lu, and T. Lin, Sensor. Actuat. A-Phys.
109, 9 (2003).
12. J. A. Zieliska, F. A. Beduini, N. Godbout, and M. W.
Mitchell, Opt. Lett. 37, 524 (2012).
13. R. P. Abel, U. Krohn, P. Siddons, I. G. Hughes, and
C. S. Adams, Opt. Lett. 34, 3071 (2009).
14. E. G. Vı´llora, P. Molina, M. Nakamura, K. Shimamura,
T. Hatanaka, A. Funaki, and K. Naoe, Appl. Phys. Lett.
99, 011111 (2011).
15. P. Siddons, C. S. Adams, C. Ge, and I. G. Hughes, J.
Phys. B: At. Mol. Opt. Phys. 41, 155004 (2008).
16. S. L. Kemp, I. G. Hughes, and S. L. Cornish, J. Phys.
B: At. Mol. Opt. Phys. 44, 235004 (2011).
17. P. Siddons, C. S. Adams, and I. G. Hughes, J. Phys. B:
At. Mol. Opt. Phys. 42, 175004 (2009).
18. P. Siddons, N. C. Bell, Y. Cai, C. S. Adams, and I. G.
Hughes, Nat. Photon. 3, 225 (2009).
19. L. Weller, R. J. Bettles, P. Siddons, C. S. Adams, and
I. G. Hughes, J. Phys. B: At. Mol. Opt. Phys. 44, 195006
(2011).
20. L. Weller, T. Dalton, P. Siddons, C. S. Adams, and I. G.
Hughes, J. Phys. B: At. Mol. Opt. Phys. 45, 055001
(2012).
21. B. E. Sherlock and I. G. Hughes, Am. J. Phys. 77, 111
(2009).
22. L. Weller, K. S. Kleinbach, M. A. Zentile, S. Knappe,
C. S. Adams, and I. G. Hughes, in preparation .
23. A. Sargsyan, G. Hakhumyan, C. Leroy, Y. Pashayan-
Leroy, A. Papoyan, and D. Sarkisyan, Opt. Lett. 37,
1379 (2012).
24. D. J. Gauthier, P. Narum, and R. W. Boyd, Opt. Lett.
11, 623 (1986).
25. R. Wynands, F. Diedrich, D. Meschede, and H. R. Telle,
Rev. Sci. Instrum. 63, 5586 (1992).
3
Informational Fourth Page
References
1. H. Dong, J. Fang, B. Zhou, J. Qin, and S. Wan, “Review
of atomic mems: driving technologies and challenges,”
Microsyst. Technol. 16, 1683 (2010).
2. J. Tatum, “Vcsel proliferation,” Proc. SPIE. 6484,
648403 (2007).
3. L. A. Liew, S. Knappe, J. Moreland, H. Robinson,
L. Hollberg, and J. Kitching, “Microfabricated alkali
atom vapor cells,” Appl. Phys. Lett. 84, 2694 (2004).
4. F. Benabid, F. Couny, J. C. Knight, T. A. Birks, and
P. S. J. Russell, “Compact, stable and efficient all-fibre
gas cells using hollow-core photonic crystal fibres,” Na-
ture 434, 488 (2005).
5. S. Ghosh, J. E. Sharping, D. G. Ouzounov, and A. L.
Gaeta, “Resonant optical interactions with molecules
confined in photonic band-gap fibers,” Phys. Rev. Lett.
94, 93902 (2005).
6. S. Knappe, V. Shah, A. Brannon, V. Gerginov, H. G.
Robinson, Z. Popovic´, L. Hollberg, and J. Kitching, “Ad-
vances in chip-scale atomic frequency references at nist,”
Proc. SPIE. 6673, 667307 (2007).
7. V. Shah, S. Knappe, P. D. D. Schwindt, and J. Kitching,
“Subpicotesla atomic magnetometry with a microfabri-
cated vapour cell,” Nat. Photon. 1, 649 (2007).
8. E. A. Donley, “Nuclear magnetic resonance gyroscopes,”
in “Sensors, IEEE,” (2010), p. 17.
9. S. A. Knappe, H. G. Robinson, and L. Hollberg, “Mi-
crofabricated saturated absorption laser spectrometer,”
Opt. Express. 15, 6293 (2007).
10. C. Lee, G. Z. Iwata, E. Corsini, J. M. Higbie, S. Knappe,
M. P. Ledbetter, and D. Budker, “Small-sized dichroic
atomic vapor laser lock,” Rev. Sci. Instrum. 82, 043107
(2011).
11. J. G. Bai, G. Q. Lu, and T. Lin, “Magneto-optical
current sensing for applications in integrated power
electronics modules,” Sensor. Actuat. A-Phys. 109, 9
(2003).
12. J. A. Zieliska, F. A. Beduini, N. Godbout, and M. W.
Mitchell, “Ultra-narrow Faraday rotation filter at the
Rb D1 line,” Opt. Lett. 37, 524 (2012).
13. R. P. Abel, U. Krohn, P. Siddons, I. G. Hughes, and C. S.
Adams, “Faraday dichroic beam splitter for Raman light
using an isotopically pure alkali-metal-vapor cell,” Opt.
Lett. 34, 3071 (2009).
14. E. G. Vı´llora, P. Molina, M. Nakamura, K. Shimamura,
T. Hatanaka, A. Funaki, and K. Naoe, “Faraday rota-
tor properties of {Tb3}[Sc1.95Lu0.05](Al3) O12, a highly
transparent terbium-garnet for visible-infrared optical
isolators,” Appl. Phys. Lett. 99, 011111 (2011).
15. P. Siddons, C. S. Adams, C. Ge, and I. G. Hughes, “Ab-
solute absorption on rubidium d lines: comparison be-
tween theory and experiment,” J. Phys. B: At. Mol. Opt.
Phys. 41, 155004 (2008).
16. S. L. Kemp, I. G. Hughes, and S. L. Cornish, “An an-
alytical model of off-resonant faraday rotation in hot
alkali metal vapours,” J. Phys. B: At. Mol. Opt. Phys.
44, 235004 (2011).
17. P. Siddons, C. S. Adams, and I. G. Hughes, “Off-
resonance absorption and dispersion in vapours of hot
alkali-metal atoms,” J. Phys. B: At. Mol. Opt. Phys.
42, 175004 (2009).
18. P. Siddons, N. C. Bell, Y. Cai, C. S. Adams, and I. G.
Hughes, “A gigahertz-bandwidth atomic probe based
on the slow-light faraday effect,” Nat. Photon. 3, 225
(2009).
19. L. Weller, R. J. Bettles, P. Siddons, C. S. Adams, and
I. G. Hughes, “Absolute absorption on the rubidium
D1 line including resonant dipole-dipole interactions,”
J. Phys. B: At. Mol. Opt. Phys. 44, 195006 (2011).
20. L. Weller, T. Dalton, P. Siddons, C. S. Adams, and
I. G. Hughes, “Measuring the stokes parameters for light
transmitted by a high-density rubidium vapour in large
magnetic fields,” J. Phys. B: At. Mol. Opt. Phys. 45,
055001 (2012).
21. B. E. Sherlock and I. G. Hughes, “How weak is a weak
probe in laser spectroscopy?” Am. J. Phys. 77, 111
(2009).
22. L. Weller, K. S. Kleinbach, M. A. Zentile, S. Knappe,
C. S. Adams, and I. G. Hughes, in preparation .
23. A. Sargsyan, G. Hakhumyan, C. Leroy, Y. Pashayan-
Leroy, A. Papoyan, and D. Sarkisyan, “Hyperfine
paschenback regime realized in Rb nanocell,” Opt. Lett.
37, 1379 (2012).
24. D. J. Gauthier, P. Narum, and R. W. Boyd, “Simple,
compact, high-performance permanent-magnet faraday
isolator,” Opt. Lett. 11, 623 (1986).
25. R. Wynands, F. Diedrich, D. Meschede, and H. R. Telle,
“A compact tunable 60-dB faraday optical isolator for
the near infrared,” Rev. Sci. Instrum. 63, 5586 (1992).
4
